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ABSTRACT: In this work, we explore new spin-1 states with axial couplings to the standard
model fermions. We develop a data-driven method to estimate their hadronic decay rates
based on data from 7 decays and using SU(3)gayor Symmetry. We derive the current and
future experimental constraints for several benchmark models. Our framework is generic
and can be used for models with arbitrary vectorial and axial couplings to quarks. We
have made our calculations publicly available by incorporating them into the DARKCAST
package, see https://gitlab.com/darkcast/releases.
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1 Introduction

The standard model (SM) is an extremely successful theory of physics at the fundamental
level, but it does not provide a complete description of nature, and therefore, must be
extended in some way. Substantial effort has been dedicated in recent years to probing
new physics (NP) [1], in particular at the MeV-to-GeV mass scale, see e.g. [2]. Many of
these efforts are searching for the dark photon [3-8], A’, a new massive spin-1 particle that
kinetically mixes with the ordinary photon. Dark photon searches have been conducted by
numerous experiments, among them beam-dump [8-23], fixed-target [24-29], collider [30—
41], and rare-meson-decay [42-52] experiments. Moreover, many proposals [27, 53-82] for
probing unexplored A’ parameter space (mass, kinetic mixing, and invisible decay rate)
have been put forward. For recent reviews see [83, 84].



The dark photon searches in the MeV-to-GeV mass range can be be reinterpreted in
a broader context of new feebly interacting massive particles (FIMPs). In particular, they
can be recast for generic vector models in the DARKCAST framework [85], see also [86].
In addition to a vector-like coupling, a new massive spin-1 boson can couple to the axial
current of the SM fermions. For example, models with a non-vanishing axial coupling and
a mass below that of the pion were explored in [87].

One major challenge in probing new physics at the MeV-to-GeV mass scale with cou-
plings to quarks and/or gluons is reliably estimating the hadronic decay rates of the new
states. Many current and near future experiments have potential sensitivity to new physics
at this mass scale; thus, it is important to reliably estimate these hadronic rates. For sub-
GeV masses, chiral perturbation theory can be used in several cases, such as for pseudo-
scalars. Above several GeV, perturbative QCD holds and can be utilized to calculate
inclusive rates. However, the mass range between these two regimes is challenging.

One possible avenue for dealing with the region where neither chiral perturbation the-
ory nor perturbative QCD is valid is developing data-driven methods. The e™e™— hadrons
data along with SU(3)
ples are determining the hadronic rates of new spin-1 bosons with vectorial coupling, see

favor Symmetry is of great use in this regard. Two successful exam-
DARKCAST [85] and [88] for recent progress; and determining the hadronic rates of pseudo-
scalars [89], see also [90], where additionally crossing symmetry plays an important role.
In this work, we study the scenario of new massive spin-1 bosons with chiral couplings
(axial and vectorial) at the intensity frontier. In particular, we develop a data-driven
method to estimate their hadronic decay rates based on data from 7 decays and using
SU(3)ﬂavor
rameter space for several benchmark models. Our method can be systematically applied to

symmetry. We recast existing experimental results into constraints on the pa-

any spin-1 model with couplings to the SM fermions (quarks and leptons). In addition, the
predictions obtained using our framework can be improved by incorporating future higher-
precision data. Finally, we include our results as part of the DARKCAST framework, see
https://gitlab.com/darkcast/releases.

The rest of this article is organized as follows. Section 2 introduces the generic model
for a spin-1 particle with both vector and axial-vector couplings to the SM fermions. It pro-
vides the means for recasting dark-photon bounds to a model with purely axial couplings.
This includes a data-driven method of obtaining the hadronic decay widths. Section 3
discusses the experiments that provide the dark-photon limits we recast. We provide three
examples for the application of our framework in section 4: a purely axial boson, a boson
with chiral couplings, i.e. both nonzero axial and vector couplings, and a 2-Higgs-doublet
model. Section 5 provides a summary and some concluding remarks.

2 Generic Chiral Boson Model

We consider a generic model with a spin-1 boson, X, that has both vector and axial-vector
couplings to the SM fermions, f, as well as couplings to dark sector states, x, that we do


https://gitlab.com/darkcast/releases

not specify. The effective X interactions can be written as

L=gx Z f (1:{,7“ + xﬁfy“fy‘r’) X, + ZEXW , (2.1)
f X

where g Xx{/ 4 is the strength of the interaction between X, and the axial (A) or vector (V)
currents of the SM fermions. The canonical dark photon model [5], where X = A4’, is given

by gx = ee, with € the kinetic mixing parameter, xff = —1, zy, = 0, azil/’s’b = —1/3,
a®t = 4+2/3, and all 2, = 0. (Note that in this work, we consider only flavor-diagonal

and CP-conserving interactions.)
Many existing experimental constraints have been placed on the A’ model. To recast
a dark-photon search that used the final state F, we solve

oxBx_,re(Tx) = oaBa_re(Tar) (2.2)

at each my = mx, where ox o are the X and A’ production cross sections, B x A/ F de-
notes the decay branching fractions to the final-state F, and ¢(7) is the lifetime-dependent
detector efficiency. The production and decay ratios, ox /o4 and Bx_,x/Bar_, r, are deter-
mined in the following two subsections. We use the same approximations for the efficiency
ratio, € (7x) /e (7)), as in DARKCAST [85]. Since the X or A’ would be highly boosted in
these experiments, the differences in the angular acceptance between the decays of vector
and chiral bosons will be small and are neglected.

In the next two subsections, we study the production and decay ratios of a purely
axial boson. For chiral models, where both vector and axial-vector couplings are present,
we have analytically confirmed that there is no interference between the vector and axial
currents in leptonic production and decay, as well as for quarks in the perturbative region.
In addition, we checked that for the decay of a chiral boson into two- and three-meson final
states there is no interference between the axial and vector currents. This makes recasting
straightforward: for any final state that can be reached by both a vector and axial current,
the total cross section or decay width is just the sum of the vector and axial components.
However, if a case is found where vector-axial interference is required, it is straightforward
to include such contributions. The rest of this section focuses on the purely axial case,
since the purely vector case was already studied in [85].

2.1 Production of a purely axial boson

We now determine the production cross section ratios between a purely axial vector boson
(mf; # 0 and m{/ = 0) and the dark photon, for the following dark-photon production mech-
anisms: electron and proton bremsstrahlung, e™e™ annihilation, Drell-Yan production, and
several important meson decays.

The production cross sections for electron bremsstrahlung and e*e™ annihilation are
the same as for the A’, modulo the fermion coupling strengths, up to a correction of
O(m?/m3):

- - c (2.3)

olete” = 79X) o(eZ —=eZX) (gxa9)? e m?
olete™ = yA")  o(eZ — eZA)  c2e2 mi )|



The A1l [25] and APEX [24] experiments, the NA64 experiment [91] as well as the E141,
E137, E774, KEK, and Orsay electron beam-dump experiments [10-14], all searched for
a dark photon produced through electron bremsstrahlung. In addition, the NA64, exper-
iment [76] will search for a dark photon produced via muon bremsstrahlung. Recasting
this future bound is straightforward, but the full expression for bremsstrahlung production
must be taken into account.

For proton bremsstrahlung, which is used by the v-CAL I [21, 92, 93] experiment, we
can to a good approximation take the axial charge to be 22" + .%%, which gives

o(pZ = pZX) g% (224 + %)’ <FA(mX> ) i (2.4)

o(pZ — pZA') - g2e? Fy(mx)

where the ratio of the form factors of the proton is [94]

(W>2 ~ 1.6 (WY : (2:5)

Fy (mx) 1+ (ox1te)

These form factors are obtained within the dipole approximation, which is approximately
valid in the mass range in which proton bremsstrahlung is an important production mech-
anism.

For Drell-Yan (DY) production, which is relevant for the LHCb dark-photon searches
[34, 65], we can write the ratio of dark-photon and axial-boson cross sections as a sum over
quark flavors as follows:

o(DY = X) 3 o(q:@ — ) o(qigi — X)

o(DY = &)~ £ o(DY = v*) o(qiq; = A')’ (26)

qi

where the first term is the fraction of the DY production attributed to each flavor in the
SM, and the second term is the contribution from each sub-process. The contribution

140 <m>] , o)
mx

where @), is the SM charge of the quark of flavor ¢. To know the fraction of DY production

0(q;qi — X) is calculated perturbatively

o(qg ~ X) _ (9x2%)?

olqg — A') e2e?Q2

attributed to each flavor, the parton distribution functions must be used. These fractions
for the LHCb search can be found in Fig. 11 of [85].

Finally, we consider X production in meson decays. This production mechanism is
used in the LHCb searches [34] below a GeV, where p,w,p — A" as well as n — Ay, w —
A'70 are all important. In addition, meson decays were used by the KLOE experiment,
¢ — A'n [44], and the NA48/2 experiment, which searched for 7 — A’y [50]. For a
purely axial boson, there are no contributions from p,w, ¢ mixing as the X has different
quantum numbers. (Instead, there would be mixing with axial-vector mesons, e.g. the
f1; however, these mesons are not considered in dark-photon limits, and no dedicated
studies of such mesons would produce competitive constraints on X bosons. Hence, we



ignore this production mechanism.) Using the phenomenological Lagrangian of [95], which
describes the C- and P-conserving interactions between the SU(3) vector, axial vector, and
pseudoscalar nonets, we find that there is no vertex contributing to ¢ — Xn or w — X7,
Furthermore, the 7% — X~ and  — X processes have no contribution from the axial
anomaly [96] and non-anomalous contributions vanish according to the Sutherland-Veltman
theorem [97]. Therefore, a purely axial boson is not constrained by NA48, KLOE, and
LHCb bounds obtained from meson decays.

2.2 Decays of a purely axial boson

The X boson is assumed to decay predominantly into invisible dark-sector final states if
kinematically allowed, and into SM final states otherwise. The partial width of the X
boson into fermions is given by

2
Iy et (gXx‘{‘) L AN L (2.8)
X=ff— 127 mx m% m% "’ ’

where Cy = 1 for charged leptonic decays (¢7¢7), C; = 1/2 for neutrinos, and Cy = 3 for
decays to quarks (¢q). For X bosons with a mass below 2 GeV, the perturbative calculation
fails and no longer reliably describes decays to hadrons. To be able to recast bounds in
this regime, we adopt a data-driven approach. Since the A’ couples to the electromagnetic
current, its decay width into hadrons is given by

I A’ hadrons = FA/_>N+N_ Ru(mA’) > (29)

where R, = o(e*e™ — hadrons)/o(ete™ — ptp™) is known experimentally, see e.g. [98].
Therefore, by isolating the contributions of hadronic currents with different SU(3)g, 0.
quantum numbers, the hadronic rates of an X boson with vector couplings can be esti-
mated [85]. Exclusive A" hadronic rates can be estimated by a similar relation to eq. (2.9)
for the relevant final state. Finally, see [88] for a more recent analysis.

For axial-vector bosons, a similar relation as eq. (2.9) can be constructed even though
the reaction eTe~ — hadrons via the axial current cannot be directly measured. First, we
note that charged axial currents are accessible via weak hadronic 7 decays. We use the
hadronic 7 spectral function, along with SU(3)g,.., symmetry, to obtain the neutral axial

currents needed to estimate hadronic X decay rates as follows:

2 .e\2
o (ete” = FO) ~ Magﬂ(s) , (2.10)
47s
where F%~ denote exclusive neutral and charged hadronic final states that belong to
the same SU(3)g,.,, multiplet, and ags)(s) is the spectral function of the (strange) ax-
ial hadronic 7 decay. The spectral functions provide the charged ud and @s currents, which

we rotate into the neutral uii — dd and uw — s3 currents using SU(3) symmetry. For

flavor
convenience, we construct a linear combination to work in the basis of isovector, isoscalar,

and strange currents.
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Figure 1. Data taken from the ALEPH LEP collaboration result [99] used to determine the
hadronic spectral 7 decay functions. The lines are determined with interpolating splines and
matched to their perturbative values at high center-of-mass energies. See the text and appendix B
for further details.

The spectral functions for the axial hadronic 7 decay are taken from the ALEPH
LEP collaboration result [99]. All the spectral functions are smoothed using interpolating
splines, and are matched to their perturbative values at suitably high center-of-mass ener-
gies ~ 1.5 GeV. These values are 0.62 and 0.48 for the axial and vector strange spectral
functions, respectively, and 0.48 and 0.62 for the axial and vector light spectral functions,
respectively. See appendix B for further details. The spectral function fits and correspond-
ing data are shown in fig. 1. The total hadronic rate, without the sub-leading contribution
due to flavor singlet states (see below), is given by (for a detailed derivation see appendix A)

X (o — 2 Pan(mk) + (2 ©(md — dmk)

2
T _ gxMmx w
X —hadrons — (

< (Gortmdo + aion) - COS(¢)\/a1(m§<)ai(m§¢))] SRNCREY

where my is the kaon mass and O(z) is the unit step function. Here, we use the unit
step function as a general phase-space correction factor to avoid rotating charged states
into more massive counterparts that we do not have phase space for (e.g. rotating pions
into kaons below the K K threshold). For exclusive states more specific correction factors
can be used. We also obtain an unknown phase factor in eq. (2.11) that we take to
be cos(¢) = —0.66 for recasting, since this agrees best with the perturbative limit, see
appendix B.

Since our method is based on isospin partners of charged currents, we do not have
access to final states that are isosinglets. Here, we argue that their contribution is sub-
leading. First, in the absence of G-parity breaking, states that are eigenstates of G-parity
can be reached only by either a vector current or an axial current, but not both. Since



we are assuming isospin symmetry, for an axial-vector X boson final states with an odd
number of pions can be reached only through isovector decays, and states with an even
number of pions only through isoscalar decays. This raises the question of whether our
leading-order hadronic decay is the isoscalar decay to two pions, or the isovector decay to
three pions. The decay to two pions would have more phase space, and should dominate
over the three-pion final state. However, the process X — 27 violates parity, hence only
the isovector decay to the 37 final state is allowed.

An additional consideration is the isoscalar component of other decays, such as X —
[nmm]r—p. We estimate this hadronic rate by considering the corresponding decay of the

JPC

f1 isoscalar meson, f; — nmm, since the f; has the same numbers as a purely axial X

boson. This hadronic decay rate for the f; is obtained [100] by studying the process

+ 0

ete™ = f1 = aor® — nr'70. (2.12)

If required, the ag mediated contribution of the charged-pion final state can be obtained
assuming isospin symmetry. Replacing the fi; with an X boson of the same mass to obtain
I['(X — aon?), and using our estimate for the total X hadronic width from eq. (2.11),
we estimate B(X — aon’) ~ 2%. Therefore, we conclude that the isoscalar component
provides an O(%) contribution to the total hadronic rate, which justifies ignoring it in
eq. (2.11). This is similar to the vector current case, where the isoscalar contribution is
much smaller than the isovector one, see e.g. [85].

3 Experiments

3.1 APEX and Al

The A1l [25] and APEX [24] experiments provide electron bremsstrahlung constraints on
promptly decaying dark photons. The decay A’ — ete™ was searched for by both ex-
periments in the regime of m4 < 300 MeV, which is below the hadronic threshold. Al
and APEX searched for a dark photon produced in electron-nucleus fixed-target scatter-
ing which then decays promptly to an eTe™ pair. Only promptly decaying dark photons
are considered so the efficiency of detection is the same for an X boson if its lifetime is
short enough for its decays to be classified as prompt. This is not the case for all models;
therefore, we must take into consideration lifetime dependencies. Recasting is done using

B(X —ete) P
2 e 2 e\2 _ 2.2 _ t/Tx
| @) + @9 5 g ey =< (1= ™) (3.1)

where £ is the longest proper decay time the X can have and still qualify as prompt [85].

3.2 BaBar

BaBar searched for a dark photon in the mass region 20 MeV < m s < 10 GeV produced
by eTe™ annihilation and subsequently decaying to an electron-positron or muon-antimuon
pair. The BaBar collaboration published strong constraints on both visible [32] and in-
visible [39] A" decays. We use eq. (2.11) to obtain the hadronic rate for the axial current



and we use the framework of DARKCAST [85] to obtain the rate for the vector current.
Altogether, recasting is done using

B(X —ete ,utu) :
2 e \2 e \2 ) _ 2.2 _ t/T
gx [ (z5)* + (%) BV = cre o) =c’e (1 e X) ) (3.2)
3.3 NA64

The NA64 experiment [91] set bounds in the MeV— GeV mass region on an invisibly decay-
ing dark photon via the detection of missing energy carried away by hard bremsstrahlung
produced in the reaction eZ — eZA’. This bremsstrahlung is due to high-energy elec-
trons scattering in a fixed beam-dump target. Both the ratio of branching fractions and
efficiencies are taken to be unity for invisible decays, thus these bounds are easily recast
using

0% [(#9)? + (29)?] = 2. (3.3)

In addition, NA64,, [76, 101] is a planned fixed-target experiment in which a dark pho-
ton can be produced via muon bremsstrahlung and subsequently decays invisibly. Fu-
ture bounds that will be set by NA64, can be recast by adapting eq. (2.3) to muon
bremsstrahlung and equating

o(uZ — pzZX)=o(puZ — pZA). (3.4)

A similar relation holds also for recasting the future results of the M3 experiment [102],
and from ATLAS as a muon on fixed-target experiment [103].

3.4 Beam Dumps

Limits on dark photons have been set [8, 104] using data from the E137, E141, E774, KEK,
and Orsay electron beam-dump experiments [10-14], which were sensitive to decays into
electrons and photons. Furthermore, limits on the A" — ete™ decay were set using data
the v-CAL T [92, 93] proton beam-dump experiment. All beam-dump experiments only
probe long-lived dark photons.

The production mechanism for the X particle in these experiments is electron or proton
bremsstrahlung. The electron beam-dump experiments (E137, E141, E774, KEK, Orsay)
set bounds in the regime of m4 < 300 MeV, which is below the axial-vector hadronic thresh-
old. The proton beam-dump experiment v-CAL explored slightly beyond the hadronic
threshold, setting bounds for my4 < 400 MeV. We again obtain the efficiency ratios as

~

described in [85]. Therefore, recasting the electron beam-dump results requires solving
e[ (50 + )] BOE > et e el (93] 2 (emaxe)2BIA’ = ete)elrw (eman)], (3:5)
while recasting the proton beam-dump constraints requires solving

FA<mX>)2

9% [(Qx%, + () + (22 + 29)? <FV(mX) B(X — ete)e[rx (9x)]

> (5max€)2B(A/ — €+€7)6[7—A’ (Smax)] . (36)



3.5 LHCb

The LHCb experiment performed searches for a dark photon produced in proton-proton
collisions at a center of mass energy of 13 TeV, and decaying into via A’ — pu*u~ [34, 37).
Both limits on prompt and long-lived A’ decays were published. The prompt A’ search
covers the mass range from the p*pu~ threshold up to 70 GeV. The long-lived search is
restricted to the mass region 240 < my < 350 MeV. Among the different production
mechanisms for the dark photon, only Drell-Yan production is relevant for a massive boson
with only axial couplings. The DY production cross section is given in eqgs. (2.6) and (2.7).
For prompt searches, recasting is done using

(3.7)

s olag )5 @2+ @] Bx o) (1)
a(DY — %) e?e2Q? B(A — ptu) '

The vector-meson-mixing-based production mechanisms for the A" are excluded for a mas-
sive axial vector, as explained in section 2.1. Therefore, these mechanisms are relevant
only for vector currents, so either purely vector bosons or chiral bosons. In these cases, we
use the mechanism provided in DARKCAST [85] for p,w, ¢ — A’ and n — A'y, w — A'm"
to recast the LHCDb results.

3.6 Neutrino Experiments

We also recast bounds set by CHARM II [105], BOREXINO [106] and TEXONO [107—
109] on the minimal B — L extension of the SM from Ref. [86] (see also relevant discussion
in [110]). For this we approximate cx Ax/(cprApL) = 0x /oL, where Ax is the accep-
tance. The effect of this approximation on the resulting bounds is less than O(1). The
bounds are set by measuring the recoil energy of the electron in the elastic-scattering pro-
cesses €V, — € Uy, € Vg — € Ve, and e ¥, — e~ 7, at CHARM II, BOREXINO, and
TEXONO, respectively.

4 Example Models

We use the framework developed above, along with the previous work on purely vectorial
couplings from [85], to recast several example models: (i) a purely axial boson model; (ii) a
chiral model with both vector and axial couplings; and (iii) the two-Higgs-doublet (2HDM)
model from Ref. [87], see details below. The relevant charges are outlined in table 1, where
we take flavor universal couplings for all three models. In all of the models, the branching
fraction to dark matter is first taken to be zero, i.e. B(X — xx) = 0, then subsequently
the case where decays to dark matter dominate is considered. For the latter, the limits
for purely invisible decays are independent of the dark matter mass assuming nT—; is small.
For the visible scenario, the hadronic branching fractions and decay widths for each model,
which are obtained following section 2.2, are shown in fig. 2.

4.1 Current Bounds

The recast dark-photon bounds, obtained following section 3, can be seen in fig. 3 for the
axial model, in fig. 4 for the chiral model, and in fig. 5 for the 2HDM for the visible-decay



95}:/ ) mz‘{,c,t wX,s,b 5324 3351 l‘ﬁ‘,c,t 33:14,5,1)
Axial 0 [1/4] o 0 1141 -1
Chiral -1 0 1 1 -1 0 1 -1

2HDM | 0.044 | 0.05 | 1.021 | 0.015 | -0.1 | 0.05 | -0.95 | -0.1

Table 1. Charges of the SM fermions under X boson interactions for the example models consid-
ered. For simplicity, these models all have flavor universal couplings.
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Figure 2. The hadronic branching fraction and total decay width for the dark photon and example

models: axial boson, chiral boson and 2HDM. The charges are given in table 1. The decay width
is normalized by the coupling gx.
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Figure 3. The dark photon bounds recast to a model with a massive axial boson.

scenario. The invisible-decay bounds, i.e. assuming decays to dark matter are kinematically
allowed and dominant, are shown in figs. 6 to 8.
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Figure 5. Recast dark photon bounds for a 2-higgs-doublet model with ¢y, = 2,qg, = 0.1, Op =
0.1. The coupling for X to the SM fermions as a function of gg,,qn, and 0p can be seen in

egs. (C.1) and (C.2).

4.2 Projections

We now derive future sensitivities for the axial model, chiral model, and the 2HDM us-
ing the following projections for dark photon searches: APEX [27], Belle II [111], Dark-
Light [112], FASER [113], HPS [114], LHCb [61, 65, 67], MESA [56], NA62 [74], SeaQuest [60],
VEPP-3 [55], and Yemilab [73]. Projections from Mu3e [57] are not included as the u-
bremsstralhung approximation is not expected to hold within the relevant mass range. The
recast FASER, LHCb, NA62, and SeaQuest projections using the A’ production mecha-
nisms of 7 — A’y or n — A’y do not contribute to models with only axial couplings,
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Figure 6. The invisible dark photon bounds recast to a model with a massive axial boson.
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Figure 7. The recast invisible dark photon bounds for a model with a massive boson with both
vector and axial couplings to the SM fermions.

i.e. the axial model considered here, but do contribute to models that also have vector cou-
plings. The production and decay mechanisms are summarized in table 2 and the projected
bounds for each of the example models outlined in section 4.1 are shown in fig. 9.
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Figure 8. Recast invisible dark photon bounds for a 2-higgs-doublet model with ¢g, = 2,qm, =

0.1,0p = 0.1. The coupling for X to the SM fermions as a function of ¢z, , qm, and 0p can be seen
in egs. (C.1) and (C.2).

production decay
APEX e-bremsstrahlung ete”
Belle 11 ete” ete, utu~
DarkLight e—bremsstrahlung ete”
FASER meson decays ete”
HPS e—bremsstrahlung ete”
LHCDb DY, meson decays ete, utp~
MESA e—bremsstrahlung ete, utp~
NAG62 p—bremsstrahlung, meson decays | ete™, utpu~
SeaQuest | p—bremsstrahlung, meson decays | ete™, upu~
VEPP3 ete” ete”
Yemilab e—bremsstrahlung ete”

Table 2. Summary of experiments which provide projected bounds for the A’, with their relevant
production and decay mechanisms.

5 Summary

In this work, we have explored new spin-1 bosons with axial couplings to the SM fermions.
We developed a data-driven method to estimate their hadronic decay rates based on
data from 7 decays and using SU(3)gavor Symmetry. We derived the current and fu-
ture constraints from the relevant intensity-frontier experiments on several benchmark
models, namely a pure axial vector, a chiral model, and a 2-Higgs-doublet model. Our
framework is generic and can be used to derive the constraints on models with arbi-
trary vectorial and axial couplings to quarks. In addition, the code required to repro-
duce all of our results has been incorporated into the DARKCAST package, see https:
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//gitlab.com/darkcast/releases. We note that our hadronic rate prediction can be
systematically improved by more accurate data of the 7 spectral functions, in particular
the strange spectral function. In addition it can be improved by precise measurement of
low energy parity violating asymmetries in eTe™ collisions. Finally, the results of this study
are important not only to help guide searches for new bosons, but also for indirect searches
for dark matter. For example, the dark-matter annihilation rate to SM particles via an
axial mediator can be estimated using our hadronic-rate calculations, see [115] for the case
of vector mediators.
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A Hadronic Width

We derive an expression for the hadronic decay width using the SU(3) relation between

flavor
the hadronic 7 decay and eTe™ scattering.

4 e\2
x
o(efe” — ]-'0) A Mags)(s);_ . (A.1)
4d1s
To construct a master equation for the hadronic rate of X we use an orthogonal basis on

which we can project any type of mediating current. Our three basis elements are p-like,
w-like, and ¢-like:

100 L(roo L (000
T,=-|o-10|, T,==|010|, T,=——=]000]. (A.2)

000 000 V2 001

The p-like can be obtained via the non-strange spectral function and we set the w-like
contribution to zero as motivated in the main text.

The ¢-like contribution is a linear combination of the non-strange and strange spectral
functions. This is due to the way we rotate the charged and neutral hadronic states using

SU(3)

flavor*

ud — %(uﬂ _dd),  us— %(ua — s5). (A.3)

To construct the linear combination for the ¢-like contribution, we define

2 2 2

‘; (Ofuit — ddlh) — A2, (A4)

1 _

1
=0, ’2 (OJluw — ss|h)
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where A%, and A2 are related to the spectral functions a1 (s) and aj(s), respectively, as

shown below, and |h) is some hadronic state. We take the square root and thus introduce
an unknown phase factor, ¢:

(Oluti — dd|h) = 24,4, (Olui +dd/h) =0, {O|uis — s5|h) = 26 Ay, . (A.5)

Therefore, (0ui|h) = — (0|dd|h) = Auq and (0]s5|h) = Auqg—2¢®A,,. To express (0|s5|h)
in terms of the spectral functions, we have to square it and integrate over phase space:

/d(I) | (0]s5|h)|2 = /d(I) <‘Aud 2610 A, 2) . (A.6)

The squared terms are the spectral functions:

2

1 - 1
/d<I>|Aud]2 = /d<1> ‘2 (Olut — dd|h)| = Jai(s), (A7)
1 !
/d<I>|Au5!2 = /dq) ’2 (Olut — ss|h)| = Zai(s). (A.8)
The interference term we approximate as follows:
cos(¢)/d<I>AudAus ~ cos(¢)/ai(s)as(s). (A.9)

Our expression for the decay width to a neutral hadronic state 70, as in eq. (2.9), is
I'(X >k =T(X —putu) (R’;( + R% + Ri) (mx), (A.10)

where R’;(, %, and R}’ﬁ( are the p-like, w-like, and ¢-like contributions to Rff , the X
mediated equivalent of ;. We define the charge matrix for X

4 0 0
Qx=102z% 0 |. (A.11)
0 0 x5

Therefore, we can write
Ry = (Te[1,QX))° BE = (s — 2%)* R,
R% = (Tr[T.Q%])* RS = (2u + xa)*RY
RY = (T[T5Q%])* R? = (25)RS.
10)

(A.12)

We use the non-strange spectral function in eq. (2.10) to express the p-like contribution as

ol X)) AEy)  al)e
Booolete > X = utu) drs  o(ete = X —»putp~)’

R (A.13)

Using the linear combination constructed above the ¢-like contribution to the hadronic

width is

g3 (x9)? | fai(s) + ai(s) — cos(@)\/a1(s)as(s)
47s oleter = X = utu™)

R = (A.14)
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Together with the step function to account for phase space, we obtain

Ya1(m¥) + (22)* ©(m¥ — dmi)

FX—>hadr0ns =

2
gxmx
- [(wlﬁ—wiﬁ)

x (flm(m%() T ai(m¥) — cos(6)y/ar(m s <m§<>) ] . (A15)

B Spectral functions for tau decays

The spectral functions from the ALEPH LEP collaboration [116] are obtained by divid-
ing the normalized invariant mass-squared distribution (1/Ny/4)(dNy,4/ds) for a given
hadronic mass /s by the appropriate kinematic factor

m? B(t— =V~ /A7v;) 1 dNyy

T

T 6[VermPSew B(r — e evr) Nyja ds

vi(s)/a1(s) (B.1)

where Sgy accounts for electroweak radiative corrections.

The measured strange 7 spectral function from the ALEPH LEP collaboration [116]
is the sum of the strange vector spectral function and the strange axial spectral function.
To isolate the axial part of the spectral function, we use the analysis of [117]. All the
information obtained on the strange decay fractions concerning their V' /A character are
summarized in table 3. The branching fractions for the K4m and K57 modes are obtained
from the measured branching ratios for the 57 and 67 final states, with the relevant Cabibbo
suppression and kinematic factors included. Vector and axial vector currents in the K3,
KA4rm and K57 are assumed to contribute equally.

For both the light and strange spectral functions, the sum of the axial and vector
perturbative values is taken as 1.1, calculated at next-to-leading order in QCD. For the
strange spectral functions, the perturbative axial and vector values are determined from
the analysis of [117], as described above. The perturbative value for the light spectral
vector function is determined by fitting the perturbative behaviour of the hadronic width
calculated using R, to the hadronic width calculated using the spectral functions. This fit is
performed simultaneously for both a vector-only model with just a strange-quark coupling
and the dark-photon model. Both the perturbative value of the light spectral function and
cos(¢) are allowed to float in this fit. The perturbative value for the light axial spectral
function is then set as 1.1 —v;. Both these values match within the uncertainty of the data
of fig. 1.

To cross check the extraction of the spectral functions, the hadronic dark photon
branching fraction and width calculated using the vector spectral function vy is compared
to the default DARKCAST calculation using R, in fig. 10. Note that the isoscalar resonances
of the w and ¢ are present in the R, data but not the vector spectral function. However,
the p peak and perturbative behaviour is consistent between the two calculations.
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Figure 10. Cross check of the hadronic dark photon branching fraction and width compared
between using the vector spectral functions, v; and vj, and the standard DARKCAST calculation

0.5 1.0 1.5 2.0
ma [GeV]

1.0 1.5 2.0

ma [GeV]

with R,,.

Mode By(1073) | Ba(1073) | By4a(1073)
K~ - 6.96 4 0.29 | 6.96 % 0.29
(Km)~ 13.60 + 0.62 - 13.60 + 0.62
(K2m)~ 1394180 | 4.58%13 | 5.97+0.73
K (1270) - K~ w - 0.674+0.21 | 0.67+0.21

Kn 0.297042 - 0.2970:15
(K3m)~ 0.3840.53 | 0.38£0.53 | 0.38+£0.53
(Kam)~ 0.17+£0.37 | 0.17£0.37 | 0.17£0.37
(Kbm)~ 0.03+0.10 | 0.03+£0.10 | 0.03 £0.10
Sum 15.867750 | 12.797163 | 28.65+ 1.17

[}
(S

Table 3. Branching ratios for vector and axial vector current contributions to the strange sector
of T decays [117].

C Details of the 2 Higgs doublet model

One of our benchmark models is a two-Higgs-doublet model, presented in [87], which
contains non-neligible axial coupling. Here we provide some additional details to what
is written in the main text. The two Higgs doublets, H, and H,, are charged under a
new U(1)p that induces both vector and axial couplings. In this model, the same Higgs
doublet couples to all three generations of each type of fermion, implying that the U(1)p
axial couplings are the same for each generation. In this way, we have two independent
axial couplings, parameterized by the two Higgs charges, gy, and qg,.

After electroweak symmetry breaking, both Higgs doublets have acquired a vacuum
expectation value, and we obtain mixing between the X and the SM Z boson. This defines
the mixing angle 0p = 2;7—?@ p and the following charges:

wet 4 5

1 _ /1 dep 1 _ 1 2
b= oo (5= gob ) o8 = gm0 (-5 )
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As an example,

x%:%qu+éD <_;+25%V) ;o ay =y + K, a =y —k,
v = 2n, alt = (Botr), @ = (b—n),

wqj{c’t = _%QHU + %éD; Uci’s’b =x = _%QHd — %§D7

aG" = _%QHd - %éD7

Ve __ ,.Ve Vp _ Vu Vr __ .Ut
‘TA*xV7 foxV7 fol'V

(C.2)

for g, = 2,qm, = 0.1, 6p = 0.1 the charges are written explicitly in table 1

and the recasting can be seen in fig. 5. Below the hadronic threshold, recast bounds are

presented by [87]. Our results overlap with these for the relevant region and we obtain

bounds for higher masses.
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